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Oa b s t r a c t
The cooling process by natural convection in cylindrical cavities is a phenomenon which takes place in
several applications such as solar energy systems. In the present work a storage tank with an internal gas
ﬂue is studied experimentally and numerically during its long-term cooling process. The computational
domain includes two ﬂuids, i.e. water in the store and air in the chimney, and two external and internal
layers of steel separated by polyurethane insulation material. In this paper, the numerical and the
experimental analysis of the temperature ﬁeld inside the tank submitted to an external convection
cooling process with a constant convection heat transfer coefﬁcient is presented. The air and the water
temperature proﬁles along the vertical lines are obtained experimentally and numerically, for a cooling
period of 90 h. The numerical analysis is carried out using a speciﬁc CFD code developed for the present
work; an axisymmetric domain has been considered. Finally, a detailed description of the phenomena
that occur inside the water part of the domain during the cooling process is also provided.






























A cylindrical tank of liquid water with a gas chimney which is
crossing the tank from the bottom to the top is one of the practical
conﬁgurations that has been widely used as a heating system. In
order to enhance the thermal efﬁciency of such system, its
conﬁguration should be optimised. This effective optimisation
requires an extensive knowledge of the thermal and ﬂuid dynamic
behaviour of the ﬂuid in the tank, and its relationship with the air
inside the gas ﬂue and with the tank walls and thermal insulation.
However, on some situations, designs are based in simple
mathematical models (e.g. one-dimensional models), that together
with expensive trial-and-error experimental set-ups provide the
empirical parameters necessary for those models. The main
advantages of the one-dimensional models are their simple
implementation and their reduced CPU time when long-term
simulations are carried out. This kind of models is often used in
commercial global codes such as TRNSYS [1]. In these models, the
tank is modelled by means of energy balance in a ﬁxed number of
ﬂuid volumes and the temperature of each volume is considered
uniform [2,3]. Comparisons and results analysis of simulations
performed using these models can be found in [2,4,5]. When a new: þ216 71 872 729.
uda).
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108element (such as a gas ﬂue inside the tank) is introduced in the
system, the one-dimensional model becomes inadequate. Thus,
empirical parameters have to be introduced in order to model the
global system.
In this sense, in the last decades, detailed numerical simulations
of heat transfer and ﬂuid ﬂow using Computational Fluid Dynamics
(CFD) codes have became a powerful tool for studying the complex
phenomena taking place in these equipment. Several works
describing the unsteady cooling or heating processes of a ﬂuid
inside an enclosure can be found in the literature. Among these
studies, the work conducted by Hyun [6] can be cited. He studied
the transient process of stratiﬁcation of a ﬂuid in a closed cylinder
initially at rest, by imposing a temperature gradient in its lateral
wall. His work provided earlier evidence of the mechanism of
stratiﬁcation and the inﬂuence of buoyancy forces in the circulation
of the ﬂuid. Cotter and Charles [7,8] investigated the transient
cooling process of warm crude oil conﬁned in a vertical cylinder. In
the study, the inﬂuence in the heat losses of the aspect ratio,
external heat loss coefﬁcient, as well as the ﬂuid viscosity were
analysed. Furthermore, the numerical results were compared with
experimental data and a time dependence correlation of Nusselt
number for several oil viscosities was deﬁned.
Papanicolaou and Belessiotis [9] studied numerically the natural
convection in a vertical cylindrical enclosure heated from the
sidewall with constant heat ﬂux and at high Rayleigh numbers.










cp speciﬁc heat at constant pressure (J kg
1 K1)
nins number of control volumes in insulation
D tank diameter (m)
ne number of control volumes in external wall
DC chimney diameter (m)
Nu average Nusselt number
g! acceleration of gravity vector (m s2)
pd dynamic pressure (Pa)
H tank height (m)
Pr Prandlt number
Hc water store height (m)
S inner area of the tank (m2)
hext external superﬁcial heat transfer coefﬁcient
(Wm2 K1)
t time (s)
k thermal conductivity (Wm1 K1)
Dt time increment (s)
ke thermal conductivity of the external solid wall
(Wm1 K1)
T f mean ﬂuid temperature (K)
q00 heat ﬂux per unit surface area (W/m2)
Tw mean inner wall temperature (K)
Ra Rayleigh number
T temperature (K)
r radial coordinate (m)
Tini initial temperature (K)
nr number of control volumes in radial direction
Tamb ambient temperature (K)
nz number of control volumes in axial direction
Tref reference temperature Tref¼ (Tiniþ Tamb)/2 (K)
nc number of control volumes in chimney
vr radial velocity (m s
1)
ns number of control volumes in internal solid wall
vz axial velocity (m s
1)
nw number of control volumes in water part
v! velocity vector (m s1)
z z-coordinate (m)
Greek letters
a thermal diffusivity (m2 s1)
dins insulation thickness (m)
b thermal expansion (K1)
din internal wall thickness (m)
r density (kgm3)
dex external wall thickness (m)
m dynamic viscosity (Pa s)
s! stress tensor vector (kgm s2)
U water volume (m3)
e relative error (%)
q non-dimensional temperature
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model predictions and the experimental data for both the laminar
and the turbulent regimes was found. Moreover, one of the goals of
their work was to study the performance of several turbulence
models for their use in the unsteady simulation of cylindrical
conﬁgurations, shedding some light about the ﬂuid regime present
in real working conditions.
Lin and Armﬁeld [10] studied numerically the cooling process of
an initially homogeneous ﬂuid in a vertical cylindrical tank by
natural convection. In their work, the top and the bottom walls
were maintained adiabatic while the lateral wall was suddenly
cooled. In a later paper, the same authors [11] analysed the long-
term behaviour of cooling a ﬂuid in a cylindrical tank considering
two different situations: one with an imposed sidewall tempera-
ture and the other with ﬁxed side and bottom wall temperatures
while the other walls were maintained adiabatic. Using the
numerical results, scaling relations for the mean ﬂuid temperature
and Nusselt number have been obtained for each situation.
Although their study was in non-dimensional form, because of the
imposed boundary conditions, the correlations they found can not
be extended to the real situation of a cylindrical tank submitted to
the unsteady natural convection due to heat losses to the
environment.
The cooling process of a real prototype of storage tank was
studied numerically and experimentally by Oliveski et al. [12]. They
analysed the transient phenomena taking place due to the heat
exchange with the environment. In their work, the inﬂuence of the
aspect ratio, the volume and the insulation thickness on the
thermal performance of the tank was studied. A good agreement
between the numerical and experimental results was observed.
Furthermore, a correlation for the Nusselt number for each tank
volume, function of the previously mentioned parameters, was
developed. Adopting the samemethodology, the same authors [13],
compared the results of a one-dimensional model with those
obtained from a detailed model and to the experimental results.
They have shown that the simpliﬁed model agreed with thePlease cite this article in press as: I. Hmouda et al., Unsteady natural conv
Thermal Sciences (2009), doi:10.1016/j.ijthermalsci.2009.05.011experimental results only when several computational artiﬁces
were included.
Fernandez-Seara et al. [14], carried out an experimental analysis
of the thermal performance of a commercial hot water storage tank
under the static mode of operation. The main purpose of their work
was to determine the thermal behaviour of the tank in order to
characterise its performance, while at the same time determining
its overall heat transfer coefﬁcient. For the analysis, they used the
experimental results for quantifying the degree of thermal strati-
ﬁcation and the exergy efﬁciency.
More recently, Rodrı´guez et al. [15] carried out a scaling analysis
and numerical simulation of the transient process of cooling-down
of an initially homogeneous ﬂuid in a vertical cylinder submitted to
natural convection. The correlations obtained can be extrapolated
to other situations as they are expressed in term of non-dimen-
sional parameters governing the phenomena that occur inside the
tank.
All the mentioned numerical and experimental studies have
been carried out in standard cylindrical tanks. However, the results
obtained in the aforementioned works can not be extrapolated to
the conﬁguration under study in the present paper, i.e. a water
storage tank with an internal gas ﬂue. As far as the author’s
knowledge is concerned, there are no previous works in the
literature modelling in detail this conﬁguration of storage tank. In
fact, this conﬁguration has only been studied by means of one-
dimensional models [16–19]. In these works, the ﬂuid inside the
tank and the air inside the gas ﬂue were modelled by means of
a multinode approach. For the coupling of bothmedia, the values of
the superﬁcial heat transfer coefﬁcients must be supposed.
Furthermore, obtaining realistic results required the inclusion of
computational artiﬁces (e.g. procedures that examine for each time
step the distribution of the temperatures and, in the case of ﬁnding
hotter water layers under colder ones, artiﬁcially mix or inter-
change the layers of water). Under these circumstances, these
































Fig. 1. a) Schematic of the geometry and b) the boundary conditions of the storage tank under study.
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337temperature proﬁle of the stored ﬂuid. In [18] the large differences
between experimental data and simpliﬁed models were shown.
These results prove the need of implementing detailed numerical
models for studying the thermal and ﬂuid dynamic behaviour of
the ﬂuid inside the tank.
The case is not only of fundamental interest to ﬂuid mechanics
and heat transfer, but also of importance in many practical appli-
cations. In fact, the studied tank conﬁguration corresponds to















Fig. 2. The experimental set
Please cite this article in press as: I. Hmouda et al., Unsteady natural conv
Thermal Sciences (2009), doi:10.1016/j.ijthermalsci.2009.05.011D
Pcontribute to understand the cooling process due to unsteady
natural convection in this model of boilers.
The aim of this paper is to investigate numerically and experi-
mentally, the unsteady natural convection of a vertical cylindrical
storage tank with an internal gas ﬂue submitted to heat transfer to
the environment. The numerical solution has been obtained using
a developed CFD code which has been submitted to a veriﬁcation
process by considering different bench-mark cases found in the







Inlet of cold water
-up of the storage tank.


































Thermo-physical properties used in the simulation.
Property Material
Water Air Steel Insulation
r [kg/m3] 996.2 1.16 8030 70
cp [J/kg K] 4164.4 1007 502 1045
k [W/mk] 0.615 0.0263 15.27 0.06
m [Pa s] 8.07 104 1.8 104 – –
b [1/K] 2.76 104 3.3 103 – –
Table 2
Number of CVs in the h-reﬁnement including the ﬂuids and solid walls
nr nz¼ (ncþ nsþ nwþ nsþ ninsþ ne) (neþ ncþ nsþ nwþ nsþ ninsþ ne).
nr nz Mesh distribution
m1 20 40 (4þ 1þ 12þ 1þ 1þ 1) (1þ 8þ 1þ 31þ 1þ 1þ 1)
m2 30 64 (6þ 1þ 19þ 1þ 2þ 1) (1þ 12þ 1þ 46þ 1þ 2þ 1)
m3 44 95 (8þ 2þ 28þ 2þ 3þ 1) (1þ 18þ 2þ 68þ 2þ 3þ 1)
m4 65 141 (12þ 3þ 42þ 3þ 4þ 1) (1þ 27þ 3þ 102þ 3þ 4þ 1)
I. Hmouda et al. / International Journal of Thermal Sciences xxx (2009) 1–124



























































































































experimental results, the transient physical phenomena occurring
in the storage tank has been also described in detail.
2. Experimental set-up
The experimental test has been performed in a vertical cylin-
drical tank with an internal gas ﬂue. An schematic of the tank is
shown in Fig. 1(a). The tank has a volume of water of 0.144m3 with
an external aspect ratio of H/D¼ 2.24 (H¼ 1.132 m, D¼ 0.505 m).
Composite tank walls are made of 3 mm steel (din), 2 cm of poly-
urethane thermal insulation (dins) and 1 mm of steel at the external
part (dex). A chimney with a diameter (Dc) about 0.1 m is crossing
the tank from the bottom to the top (Hc¼ 0.932 m), which gives
a supplementary heat exchange surface between the hot gas and
the water in the tank. The chimney is connected to a combustion
chamber located at the bottom part of the tank. In the bottom part
of the combustion chamber, there is a ring which provides the
entrance of the air necessary to the combustion.
The outlet and the inlet of thewater have been inserted from the
top of the tank. Cold water has been conducted to the bottom of the
tank with a linear-slot diffuser (see Fig. 2).
The temperature measurements required for the storage tank
analysis have been: the cold water temperature, inlet and outlet
temperatures, the ambient temperature and the temperatures at
different levels in the store, in the gas ﬂue and in the combustion
chamber. A tree of six thermocouples have been set inside the tank,
at 15 cm distance from each other, for recording the temperature of
the stratiﬁed layers. Five other thermocouples have been mounted
in the centre of the chimney for measuring the air temperature. The
experimental set-up is shown schematically in Fig. 2. Considering
the different environments for temperature measurements (water,U





[C] [%] [C] [%] [–] [%]
m1 65.459 1.1 64.815 1.179 290.536 4.5
m2 65.457 0.7 64.823 0.034 290.055 4.7
m3 65.457 0.7 64.823 0.019 292.996 3.7
m4 65.452 – 64.823 – 304.492 –
t¼ 2700 s
m1 65.083 2.6 64.376 4.4 285.843 5.6
m2 65.074 1.2 64.370 3.5 291.745 3.7
m3 65.072 1.0 64.351 0.6 302.008 0.3
m4 65.066 – 64.347 – 302.994 –
Please cite this article in press as: I. Hmouda et al., Unsteady natural conv






air) and the required accuracies, diverse transducers have been
chosen. According to the temperature range, the K-type (Chromel/
Alumel) thermocouples have been used for the storage tank while
a platinum resistance thermometer (PT100) has been used for
ambient temperature measurement.
As the experimental data have been used in numerical results
validation, it has been essential to carry out accurate temperature
measurements. Thus, calibration of all temperature sensors has
been performed. In all cases, it has been shown that the sensors
accuracy have been less than 0.4 C.
To precondition the hot water inside the tank to a uniform
temperature, a mixing loop has been used to circulate the ﬂuid
from the top to the bottom of the tank. When the temperature
difference between the inlet and the outlet has been less than 1 C
for a 15 min period, the tank has been left to cool-down for a 90 h
period. During this cooling process, the temperature has been
measured every 30 s for all the locations. The measured informa-
tion has been recorded with data acquisition HP Benchlink Data
Logger unit connected to a personal computer.
3. Mathematical and numerical models
This section describes the basic formulation and numerical
approach used to solve the complex phenomena taking place inside
the tank. The domain involves the two ﬂuids (water inside the store
and air inside the ﬂue), an internal steel wall, and a polyurethane
insulating material covered by an uniform thin layer of steel at
external walls.
3.1. Governing equations
The ﬂuid ﬂow and heat transfer phenomena for the problem
under study is governed by the Navier–Stokes and the energy
conservation equations. In numerical simulations of real cases, such
as the problem described in the previous section, it is important to
determine if the ﬂow regime can be assumed to be laminar or if
a turbulence model has to be used. In fact, there is a lack of infor-
mation in the literature, e.g. critical Rayleigh number, to be used as
a reference in those cases. In such speciﬁc situations, detailed
numerical experiments of the heat transfer and ﬂuid dynamic
phenomena taking place can be a means for solving and studying
the ﬂuid regime inside the tank. An example of such experiments
are those conducted by [20] for a differentially heated air-ﬁlled
cavity of aspect ratio 4. However, the Direct Numerical Simulation
(DNS) of the long-term cooling process of the storage tank would
require a large amount of computational resources and, together
with the requirements for solving all the transient scales, could be
cumbersome.
On the other hand, studies carried out in similar working





[C] [%] [C] [%] [–] [%]
65.083 2.6 64.375 4.4 285.842 5.6
65.073 1.2 64.369 3.5 291.745 3.7
65.072 1.0 64.351 0.6 302.007 0.32
65.065 – 64.347 – 302.993 –
t¼ 3600 s
64.688 4.3 63.951 5.2 283.638 1.8
64.677 2.7 63.952 5.4 285.206 1.3
64.678 2.8 63.917 0.1 292.366 1.1
64.659 – 63.917 – 289.118 –

















Cont. Average ﬂuid temperature, wall temperature at the liquid–solid interface and Nusselt number. Comparison results between different levels of reﬁnement for t¼ 4500–
7200 s.
t¼ 4500 s t¼ 5400 s
T f e$10
2 Tw e$102 Nu e T f .e$10
2 Tw e$102 Nu e
[C] [%] [C] [%] [–] [%] [C] [%] [C] [%] [–] [%]
m1 63.892 7.4 63.102 12.8 269.998 4.0 63.501 9.8 62.689 16.8 261.898 5.7
m2 63.884 6.2 63.089 10.7 262.477 1.1 63.490 7.9 62.690 16.9 263.169 6.3
m3 63.881 5.7 63.069 7.6 261.535 0.7 63.486 7.3 62.648 10.2 252.960 2.1
m4 63.844 – 63.021 – 259.540 – 63.439 – 62.584 – 247.551 –
t¼ 6300 s t¼ 7200 s
m1 63.120 13.2 62.278 19.3 250.785 2.8 62.762 19.9 61.899 25.0 246.098 5.3
m2 63.098 9.7 62.272 18.4 252.711 3.6 62.710 11.6 61.866 19.5 246.756 5.5
m3 63.093 8.9 62.234 12.3 244.386 0.2 62.704 10.6 61.827 13.2 237.399 1.5
















Experimental results CFD calculations
0 hr50 hr 5 hr10 hr20 hr30 hr90 hr
Fig. 3. Comparison between the temperatures obtained from the experimental set-up
and from the numerical model for different instants of the cooling process.
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situations. Among these studies, can be mentioned the work of
Papanicolaou and Belessiotis [9], who investigated the transient
heating of a ﬂuid by an imposed heat ﬂux at the sidewall for
Rayleigh numbers between 1010 Ra 1015. In their study, they
found that laminar regime can be obtained up to Ra¼ 1013, while
turbulent ﬂow should be expected for Ra> 51013. Deﬁning Ray-
leigh number as a function of the heat ﬂux through the walls [21],
Ra¼ rgbq00Hc/kma; at the beginning of the cooling process the
maximum value achieved is Ra¼ 3.8 1012. As the ﬂuid is cooled
down, heat losses to the environment decrease with the resulting
decrease of the Rayleigh number. Considering this, in the present
work the ﬂow has been supposed laminar.
The following assumptions are considered: (i) the ﬂuid is
Newtonian, (ii) the thermo-physical properties are considered to be
constant, (iii) the Boussinesq approximation is considered in the
water domain: the water density is variable in the buoyancy terms
of the momentum, (iv) viscous dissipation is negligible and (v) non-
participant radiating medium is supposed. Thus, the governing
equations can be written as follows:
V$ v! ¼ 0 (1)
v v!
vt












þ v!$VT ¼ aV2T (3)
3.2. Boundary and initial conditions
Considering the symmetry of the problem deﬁned, the
computational domain has been assumed to be axisymmetric. No-
slipping conditions have been used as boundary conditions for the
momentum equations at all solid walls, while at the axis, symmetry
boundary condition has been imposed. In the energy equation,
every external tank wall (bottom, side and top) has been submitted
to external convection actions, thus the overall convection heat
transfer coefﬁcient used has been set to hext¼ 10 W/m2 K. This
coefﬁcient has been experimentally found in the laboratory [22]. In
order to complete the thermal boundary condition, experimental
records of environmental temperature have been used. As the
measured environmental temperature has not been directly
introduced into the model in each time step, the boundary condi-
tion for the simulation has been ﬁxed at the average value of
experimental records i.e. at 19 C.
The boundary conditions assumed at the inlet and the outlet of
the gas ﬂue are rather more complicated because the inappropriate
formulation of these boundary conditions may lead to a largePlease cite this article in press as: I. Hmouda et al., Unsteady natural conv




Odifference between the model predicted ﬂuid ﬂow and heat
transfer and the real case under study. The air has been assumed to
enter at the combustion chamber from the surroundings with
a temperature equal to ambient temperature and with an axial
velocity equal to 0.01 m/s. This value has been estimated using
experimental data measured at the outlet of the ﬂue. However
because in the experimental prototype, the combustion chamber
has many oriﬁces; it was very difﬁcult to estimate the real mass
ﬂow rate of the entering air.
At the chimney outlet, the temperature gradient has been
assumed null in the axial direction and all the kinematic energy of
the air has been assumed to be converted to heat, resulting into an
outlet dynamic pressure equal to the surrounding air dynamic
pressure, i.e. equal to 0 ðvT=vnjoutlet ¼ 0 and pdjoutlet ¼ 0Þ. An
initial condition of uniform temperatures has been imposed for the
whole domain. These temperatures have been ﬁxed at 65 C for
water and 50 C for the air, while velocities have been supposed to
be null (see Fig. 1(b)).
3.3. Numerical approach
The numerical solution has been obtained over the whole


























































































































Fig. 4. Comparison of the water temperature obtained from the experimental set-up and from the numerical model for a 90 h of cooling process. (a) z¼ 1.057 m; (b) z¼ 0.902 m;
(c) z¼ 0.747 m; (d) z¼ 0.592 m; (e) z¼ 0.432 m; (f) z¼ 0.282 m.
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759volume techniques as described by Patankar [23]. Fully implicit ﬁrst
order temporal differentiation using cylindrical grids on a staggered
arrangement has been implemented. Diffusive terms have been
evaluated using second order central differences scheme, while
convective terms have been approximated by means of high order
SMART scheme using a deferred correction approach [24]. The
pressure–velocity coupling has been solved by using a SIMPLE-CPlease cite this article in press as: I. Hmouda et al., Unsteady natural conv
Thermal Sciences (2009), doi:10.1016/j.ijthermalsci.2009.05.011algorithm [25]. The resulting equation for pressure has been solved
using the direct Band LU solver [26] while the algebraic system of
linear equations for the velocities and temperature have been
calculated using TDMA line by line solver [23].
In each time step, the ﬁxed convergence criteria requires that the
non-dimensional variables increments and residuals have been lower






























































































Fig. 5. Comparison of the air temperature obtained from the experimental set-up and from the numerical model for a 90 h of cooling process. (a) z¼ 1.037 m; (b) z¼ 0.747 m;
(c) z¼ 0.572 m; (d) z¼ 0.422 m; (e) z¼ 0.107 m.
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889The thermo-physical properties used are listed in Table 1. As
observed by Oliveski et al. [12] thermal gradients are the largest
near the interface ﬂuid/solid. Thus, themesh has been concentrated
in the regions near thewalls, while uniformmeshes have been used
in the solid walls and the insulation materials. In the ﬂuid domain,
a tanh-like function with a concentration factor of 2, see [27], has
been adopted in the radial and axial directions to properly solve the
boundary layer.Please cite this article in press as: I. Hmouda et al., Unsteady natural conv
Thermal Sciences (2009), doi:10.1016/j.ijthermalsci.2009.05.0114. Results
4.1. Numerical solution veriﬁcation
The magnitude of the heat ﬂux at the tank wall determines the
degree of grid reﬁnement needed to obtain a stable solution; the
larger the thermal gradients found in boundary layer region is,
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Fig. 6. Transient evolution of the ﬂuid inside the water store. Dimensionless temperature contour during cooling process for time¼ 4–24 min.
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Rsolutions introduced in this work have been submitted to a process
of veriﬁcation adopting a h-reﬁnement criteria. That is, ﬁxing
numerical schemes, the veriﬁcation process accounts for the
inﬂuence of the mesh spacing and time discretization. The mesh
has been reﬁned using 4 levels on the h-reﬁnement criteria with
a ratio of 1.5 (i.e. in each computational level, denoted with letter
‘m’ the mesh is increased 1.5 times, see Table 1). Table 1 shows also
the control volume distribution for each element of the physical
domain, i.e. air, solid walls, insulation material and water. To
perform the veriﬁcation of the numerical solution, the problem has
been solved up to 7200 s. Moreover, for each instant, three char-
acteristic values have been calculated: i) the mean water temper-
ature; ii) the mean internal wall temperature; iii) the average
Nusselt number. The previous characteristics have been calculated












the average Nusselt number at the internal walls:Please cite this article in press as: I. Hmouda et al., Unsteady natural conv







In order to point out the differences between the variety of used
grids, the computational error has been estimated. Numerical
solutions for each computational grid have been compared with
the ﬁnest mesh solution taken as the most accurate solution. For
each solution in the h-reﬁnement, the relative error 3 has been
estimated. As the ﬁnest mesh solution is used as reference solution,
its relative error is equal to 0 (indicated with a dash Q). Tables 2–4
summarize the post-processing results. For the water and wall
temperatures, the errors found by the different mesh levels are
lower than 0.2%. For the Nusselt number, as the mesh is reﬁned, the
discrepancies are reduced. An error less than 3% has been obtained
using the third mesh level. Moreover, as time goes by, these
discrepancies tend to level out.
To reduce the computational time and computer memory
requirements while providing accurate results, the mesh selected
should be a compromise between both criteria. Thus, as the results
for the third (m3) and the ﬁnest level (m4) of reﬁnement are almost
identical, the third level of reﬁnement mesh has been used in CFD
results presented in further sections.
In addition to mesh veriﬁcation, temporal discretization has
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t=4 min t=6 min t=8 min t=10 min
t=12 min t=18 min t=20 min t=24 min
Fig. 7. Transient evolution of the ﬂuid inside the water store. Velocity vectors during cooling process for time¼ 4–24 min.
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Rcomputational domain includes two different ﬂuids (water, air) and
two different materials (steel, polyurethane), it has been difﬁcult to
optimise the time step to be used. For time step of 1 s, the
convergence has been unstable and in most time steps the
convergence criteria has not been satisﬁed after 400 iterations. For
time step of Dt¼ 0.5 s, convergence has been reached after more
than 100 iterations. Furthermore, after 1000 s, the convergence
became unstable. For the two smallest time increments, the
number of iterations has been always below 50 even for the ﬁrst
instants, and around 5 and 1 for Dt¼ 0.1 s and Dt¼ 0.01 s respec-
tively for the most time of the cooling process. No signiﬁcative
differences have been observed among the results obtained with
the smallest time steps. However, CPU time has been very high for
the time increment of 0.01 s. Therefore, as the time to cool-down
the tank is very large, it has been decided to simulate the case with
a time step of Dt¼ 0.1 s.
4.2. Validation of the numerical results
As have been commented before, the long-term cooling process
of the tank with homogeneous initial temperature of 65 C has
been studied numerically and experimentally. Thus a long-term
cooling test with an initial conditions of uniform temperature of
65 C has been carried out. The comparison between experimentalPlease cite this article in press as: I. Hmouda et al., Unsteady natural conv
Thermal Sciences (2009), doi:10.1016/j.ijthermalsci.2009.05.011and numerical data for the water inside the tank is shown in Fig. 3.
In the latter ﬁgure, the temperature proﬁle at different tank heights
are represented. This ﬁgure shows that, even after 90 h of the
cooling process, the numerical simulation is able to reproduce the
experimental data with a good accuracy. At the tank bottom, it can
be observed a marked increase of the thermal gradient in the
vertical direction. During the cooling process, stratiﬁcation prog-
resses from the bottom of the tank to its top. This is due to heat
losses from the stored ﬂuid to the ambient and the gas ﬂue. The
ﬂuid temperature drop near the vertical tank wall forms
a boundary layer with a descending ﬂuid and thus, due to buoyancy
effects, bottom layers are ﬁlled with cold ﬂuid, resulting in the
development of a temperature gradient inside the storage tank. The
same behaviour was observed in the study of Oliveski et al. [12].
However, for the present case the thermal gradient is more
noticeable due to the heat losses to the combustion chamber
through the bottomwall of the storage tank. A detailed comparison
of temperature proﬁle between calculation and measurement as
a function of time at different tank height locations is presented in
Fig. 4. It can be observed that there is a good agreement between
numerical and experimental results for the 90 h of the cooling
process and for the different thermal water layers.
Regarding the air in the chimney, the comparison between the
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Fig. 8. Transient evolution of the ﬂuid inside the water store. Dimensionless temperature contour during cooling process for time¼ 36 min to time¼ 90 h.
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Rthe ﬁgure, it can be seen that, during the 90 h of the cooling
process, the numerical results show the same tendency as the
experimental data. Moreover, for the different heights of the gas
ﬂue, a good agreement between the numerical and the experi-
mental results has been obtained. Thus, the heat exchanges
between the water and the air inside the gas ﬂue have been well
simulated. However, inside the combustion chamber (see Fig. 5 (e)),
the numerical solution shows some discrepancies due to incon-
sistency in the estimation of the real rate of entering air and the use
of the axisymmetric approximation. Indeed, it is observed in Fig. 5
(e) that the numerical model over predicts the air temperature. This
is mainly due to the under estimated air mass ﬂow rate imposed as
inlet boundary condition in the numerical model.
It is also observed that, for the different gas ﬂue heights,
unsteady temperature proﬁle has been obtained which is in
disagreement with other models described in the literature; those
models assume a constant temperature along the gas ﬂue and
during the cooling process [16].
In general, the temperature proﬁles are comparable but minor
discrepancies between experiments and calculation have been
observed especially in the lower part of the tank. Those differences
can be due to different factors such as: i) the inconsistency between
the experimental rate of air entering the chimney and that imposed
in the CFD simulation; ii) the insulation layer is not uniformlyPlease cite this article in press as: I. Hmouda et al., Unsteady natural conv
Thermal Sciences (2009), doi:10.1016/j.ijthermalsci.2009.05.011distributed in the experimental prototype, which can introduce
some discrepancies with the constant insulation thickness
modelled by the CFD code; iii) another source of discrepancies is
the axisymmetric approximation used in the developed code; iv)
the thermo-physical properties of the real materials are not known
thus, in the model these properties have been taken from the
literature and v) the ﬁxed initial constant temperature through the
gas ﬂue in the numerical calculations.5. Transient ﬂow patterns
To provide a comprehensive and direct perception of the tran-
sient evolving process of natural convection ﬂow in the water store,
time evolution of temperature proﬁles and velocity vectors in the
water part of the domain are presented in Figs. 6–9. In these ﬁgures,
the ﬂuid temperature has been plotted using the non-dimensional
variable:
q ¼ T  Tamb
Tini  Tamb
(7)
It is seen that, when the sidewall is cooled due to heat losses to
the environment and the internal wall is cooled due to the heat
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Fig. 9. Transient evolution of the ﬂuid inside the water store. Velocity vectors during cooling process for time¼ 36 min to time¼ 90 h.
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Rboundary layers develop very rapidly on the two walls (seet¼ 4 min Figs. 6 and 7). After the full development of the vertical
thermal boundary layers, a cold intrusion begins to form andmoves
continuously along the bottomwall towards the inside wall. As the
intrusion approaches the inside wall, the wave increases in size and
its shape changes gradually due to the interaction between the
intrusion and the cooled ﬂuid near to the chimneywall. Thus, crests
in the temperature ﬁelds are formed (see t¼ 6 min in Fig. 6). As in
the bottom wall there is an interaction between the two cooled
ﬂuids travelling down, in the sidewall and in the chimney wall,
waves move back and forth at the bottom (see t¼ 8–10 min in Figs.
6 and 7).Whenmoving up, the ﬂuid interacts continuouslywith the
cooled ﬂuid ﬂowing down along the two vertical walls, thus create
a crests in the core of the tank. This phenomena is well illustrated in
Fig. 7, where velocity vectors are shown.
As results of this movement, there is a mixing between the cold
travelling stream and the surrounding ﬂuid at the bottom, forming
layers of ﬂuid at different temperatures. Thus, the temperature of
the intruding cold ﬂuid at the bottom increases until its motion
vanishes (see t¼ 12–24 min in Figs. 6 and 7). Meanwhile, thermal
stratiﬁed layers have been generated inside the tank.
As thermal stratiﬁcation gradually advances from bottom to top,
interactions between cooled ﬂuid in the two vertical sidewalls andPlease cite this article in press as: I. Hmouda et al., Unsteady natural conv
Thermal Sciences (2009), doi:10.1016/j.ijthermalsci.2009.05.011the ﬂuid in the core of the tank are more concentrated in the upper
part. This is mainly due to the presence of the temperature gradient
in the bottom region where diffusion heat transfer mechanism
dominates. Similar ﬂuid behaviour has been described previously
in the literature [11,15]. However, these studies did not consider the
presence of a gas ﬂue inside the tank.
In Figs. 8 and 9 (from t¼ 36 min to t¼ 2 h), it is shown how the
stratiﬁcation in the bottom zone is completely developed and how
vortices are displaced from the centre to the top. Due to the
chimney effect in the gas ﬂue (the hot air tends to be in the top
while the cold is in the bottom), the heat transfer at the top region
near to the chimney wall is more intense promoting the mixing of
the ﬂuid around that zones and, as a consequence, the increasing of
the heat losses to the environment.
Indeed, by analysing the ﬂuid structure inside the tank after 3 h
of the cooling process, it is shown that the ﬂow structure can be
divided in two regions; convective effects near to the top wall and
the left corner of the chimney wall, and diffusive effects in the
bottom part of the tank (see t¼ 3–30 h in Figs. 8 and 9). During that
period a quasi-steady regime starts to be reached. As time prog-
resses, the unsteady natural convection ﬂow and the generation of
the thermal stratiﬁcation are progressively reduced until reaching
a quasi-steady regime and consequently a very slow movement ofection cooling of a water storage tank with an internal gas ﬂue, Int. J.
EI. Hmouda et al. / International Journal of Thermal Sciences xxx (2009) 1–1212






















































































































the ﬂuid is observed. This process continues until the cooling
process ends (see t¼ 70–90 h in Figs. 8 and 9).
6. Conclusion
In the present work the cooling process by laminar natural
convection of a vertical cylindrical tankwith an internal gas ﬂue has
been analysed numerically and experimentally. The ﬂuids (water
and air) have been considered at a constant initial temperature. The
computational domain has been extended up to an external thin
layer of steel, taking also into account the internal solid wall and the
insulation material.
The obtained numerical solutions have been veriﬁed by ana-
lysing the results of four levels of reﬁnement in the spatial domain.
In the veriﬁcation process, the results of each level have been
compared to those of the ﬁnest grid. On the other hand, the
inﬂuence of the time discretization has also been considered, by
analysing four time increments. Considering both, the results of the
spatial and temporal discretization and the long period to be
simulated, the third level of grid reﬁnementwith a time step of 0.1 s
have been chosen.
An experimental test of the long-term cooling process has been
carried out in order to validate the developed numerical model. For
a period of 90 h, a good agreement between experimental data and
numerical results has been observed. Therefore, taking into account
the independence of the adopted grids, it is concluded that the
developed model can be used to simulate similar situations and
geometries with reliable results.
The detailed analysis of the cooling process has also been
shown. By analysing the numerical solution, it has been observed
that in the ﬁrst hours of the cooling process, when the ﬂuid is
stratiﬁed from the bottom to the top of the tank a quasi-steady
regime is reached. At this regime, the ﬂow can be divided in two
regions; i.e. convective effects in the superior half and diffusive
effects in the inferior half of the tank. The predominance of the
diffusive effects in the bottom zone provides a thermal stratiﬁca-
tion of the ﬂuid.
It has been shown that the numerical model is able to describe
in detail the phenomena that occur inside the storage tank with an
internal gas ﬂue during the whole cooling process with a better
prediction of the thermal and hydrodynamic behaviour of the study
case. It is important to point out, that the results obtained from this
kind of numerical simulation can be used not only for the assess-
ment of innovative designs, but also in the development of corre-
lations with the objective to feed simpliﬁed models.
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